The peripheral axonal branch of primary sensory neurons readily regenerates after peripheral nerve injury, but the central branch, which courses in the dorsal columns of the spinal cord, does not. However, if a peripheral nerve is transected before a spinal cord injury, sensory neurons that course in the dorsal columns will regenerate, presumably because their intrinsic growth capacity is enhanced by the priming peripheral nerve lesion. As the effective priming lesion is made before the spinal cord injury it would clearly have no clinical utility, and unfortunately, a priming lesion made after a spinal cord injury results in an abortive regenerative response. Here, we show that two priming lesions, one made at the time of a spinal cord injury and a second 1 week after a spinal cord injury, in fact, promote dramatic regeneration, within and beyond the lesion. The first lesion, we hypothesize, enhances intrinsic growth capacity, and the second one sustains it, providing a paradigm for promoting CNS regeneration after injury.
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primary afferents ͉ dorsal columns ͉ neurite outgrowth ͉ sprouting ͉ priming T here is little evidence for significant axonal regeneration after spinal cord injury in the adult (1) . This failure to regenerate has been attributed to both intrinsic factors, such as the low inherent capacity of adult neurons to grow, and extrinsic factors in the environment of the lesion. The latter include myelin-associated molecules, such as NOGO (2, 3) , myelinassociated glycoprotein (4, 5) , oligodendrocyte myelin glycoprotein (6, 7) , and chondroitin sulfate proteoglycan (8, 9) , which inhibit growth, and an astrocyte-based scar that gradually develops at the lesion site (10, 11) .
We previously showed that it is possible to induce growth of damaged dorsal column (DC) axons beyond (i.e., rostral to) a spinal cord lesion, but only when the manipulation that enhances growth (namely a priming͞conditioning lesion of the sciatic nerve) is made before the spinal cord injury. When we made the sciatic nerve transection concurrently with the DC lesion, there was growth, but only into the spinal cord lesion site, never beyond it (12) . Microinjection of a cAMP analogue also enhanced growth, provided it was injected before the DC lesion (13, 14) . If the sciatic cut was performed 1 or 2 weeks after the spinal cord injury (postpriming) there was absolutely no growth. The tips of the sensory afferents formed large endbulbs that never penetrated the lesion site (12) . Taken together, these results demonstrated that the intrinsic growth capacity of the neurons, which we hypothesize can be enhanced by a sciatic nerve lesion, is an important factor that contributes to longdistance regeneration in the spinal cord. The timing of a priming͞conditioning lesion is critical.
The regeneration that we observed in those studies was significant, but clearly it would have no clinical utility. For manipulations that enhance regeneration to have clinical utility, they must be effective when performed at the time of or after the spinal cord injury. To date, postspinal cord injury manipulations have focused on altering the microenvironment in which the damaged axons grow. The results from these studies have been mixed. Although some studies reported improved functional recovery after these treatments, they found very limited anatomical regeneration of the injured axons, raising the possibility that much of the functional recovery resulted from rewiring and͞or strengthening of undamaged circuits (15) (16) (17) (18) (19) . In the present study, we used both in vitro and in vivo models to test the hypothesis that postinjury manipulations can, in fact, significantly influence the regeneration of injured spinal cord axons, but only when they are designed to sustain intrinsic growth capacity. We show that the regenerative capacity of injured axons can be enhanced without altering the environment in which the axons regrow. Our results establish a paradigm in which regeneration beyond a lesion can be achieved by sustaining the intrinsic growth capacity of adult neurons.
Materials and Methods
We used the DC injury model in the rat (male 250-300 g) (12) . Briefly, using microscissors we transected the DC bilaterally at T6-T7, between the dorsolateral funiculi, under isoflurane anesthesia. The overlying skin and muscle were sutured, and the animal was returned to its cage and allowed to recover for 6-8 weeks.
Peripheral Nerve Lesions. The left sciatic nerve was exposed at midthigh level, and a ligature was firmly tightened around the nerve, distal to its emergence from the greater sciatic notch. The nerve was transected proximal to the ligature, the wound was closed, and the rats were allowed to recover. We performed the repriming procedure in the same manner, but Ϸ1.0 cm proximal to the initial sciatic nerve transection.
Tissue Processing for Light Microscopy. Five days after injection of the ␤-subunit of cholera toxin conjugated with horseradish peroxidase (B-HRP), the tracer used to monitor axonal regeneration, we perfused the animals with 200 ml of saline (room temperature) followed by 500 ml of 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer. The thoracic spinal cord (including a segment caudal to the lesion site and several segments rostral to it) was removed and cut longitudinally into serial 50-m frozen sections and stored in sequential wells in 0.1 M phosphate buffer. The sections were processed for peroxidase activity with tetramethylbenzidine (TMB; Sigma), after which sections were mounted on slides and coverslipped. To visualize the TMB reaction, we viewed the sections with dark-field optics.
Quantification and Statistical Analysis of the Regenerative Response.
To document the magnitude of the regenerative response we made camera lucida reconstructions of horizontal sections of the lesion site. We measured the length of regenerating injured DC axons that course through and beyond the lesion site. We used two-way ANOVA and post hoc tests to determine statistical differences between the different lengths of axons in the various experimental groups.
Whole Dorsal Root Ganglia (DRG) Explant Preparation and Staining.
The L4-L5 DRGs from adult male rats (250 g) were removed from the different experimental groups at the same time and plated into two chamber slides that contained growth factor reduced Matrigel, diluted 1:3 in RPMI medium 1640. The cultures were maintained in a 37°C, 5% CO 2 humidified incubator for 18 h. Neurite outgrowth was visualized with phalloidin conjugated to rhodamine (Molecular Probes).
Quantification of DRG Explants. We used a Hamamatsu ORCA 100 cooled charge-coupled device camera interfaced with C imaging software to capture and measure the length of the five longest neurites in each DRG. The mean and standard error per group was calculated. We used one-way ANOVA and post hoc tests to determine statistical differences between the different groups. DRG explants stained for rhodamine-phalloidin were also analyzed by using NIH IMAGE. We estimated the total number of neurites in a fixed area extending from the edge of the explant by measuring the fluorescence intensity and subtracting the background (same area) from each image. Average fluorescence intensity was calculated for each animal and normalized against the average intensity of the control group.
Electron Microscopy. To unequivocally identify regenerating axons, we prepared the spinal cords from three rats for electron microscopy. Under deep anesthesia the rats were perfused intracardially with 2.5% glutaraldehyde and 0.5% paraformaldehyde in phosphate buffer. We cut the lesion site and the adjacent thoracic spinal cord in 50-m horizontal sections on a Vibratome and localized anterogradely transported B-HRP as a crystalline reaction product according to Olucha et al. (20) and Vanderhorst et al. (21) . After stabilizing the reaction product with CoCl 2 , the sections were osmicated and flat-embedded in Epon. Areas with labeled axons were trimmed from plastic sections and glued onto plastic chucks. Thin sections were collected and stained with uranyl acetate and lead citrate and then examined in a JEOL electron microscope.
Results Neurite Outgrowth in Vitro.
To analyze the growth capability of adult neurons in the rat, we compared neurite outgrowth from acutely isolated, whole DRG explants with that from explants taken from animals that were single or double primed, with one or two sciatic nerve transections. All explants from the different groups were cultured at the same time in a 3D Matrigel matrix, in serum and nerve growth factor-free media. To assess whether repeated priming of DRGs enhances growth capacity we measured the length of neurite outgrowth in the different groups at 18 h (Fig. 1) . As expected, at 18 h, we observed little growth from the acutely isolated DRGs (Fig. 1a) but we observed extensive growth of neurites ( Fig. 1 b and d) in both the single-and double-primed conditions (P Ͻ 0.001 for comparison of acute isolation with either single-or double-primed group, one-way ANOVA; Fig. 1c ). Repeated priming induced the longest extension of neurites (647.9 Ϯ 28.3 m), which was significantly greater than the growth observed in the single-priming group (503.6 Ϯ 5.8 m) (P Ͻ 0.01, post hoc Tukey test). As the neurites from both groups had very few, if any, branches, they are similar to those described by Smith and Skene (22) as ''elongating.'' Repriming Sustains Intrinsic Growth Capacity and Enhances Regeneration. The critical question is whether a postinjury sciatic nerve transection can sustain the enhanced intrinsic growth capacity that was induced by a concurrent transection. To address this question we performed the first (priming) sciatic transection at the time of the DC lesion and followed it with a second, more proximal transection of the sciatic nerve 1 week later (repriming) (Fig. 2) . We assessed the regenerative response 6-8 weeks after the repriming injury.
Figs. 3 and 4 illustrate that sciatic nerve transection performed 1 week post-DC injury, when combined with a similar lesion performed at the time of the injury, significantly altered the ability of the injured axons to regenerate. In every case (n ϭ 7), we observed extensive growth of damaged axons, not only within the lesion site, but importantly also rostral to it, into degenerating white matter (Figs. 3 and 4) . Two patterns of growth were observed. In one case the damaged axons grew massively through the lesion site with defasciculated axons growing in a dorsolateral direction, in a totally different orientation from their normal trajectory (Fig. 3) . Another pattern of growth included damaged axons growing ventrally, around a cyst, and then back dorsally (Fig. 4) . Regardless of the pattern of growth, we observed growth into and beyond the lesion site in all animals. Rostral to the lesion we observed fibers at the boundary between the white and gray matter (Fig. 4) . Importantly, as illustrated in Fig. 4c , large numbers of axons grow beyond the lesion through host white matter. The average length of regenerating axons rostral to the lesion was 720 m (Fig. 5) . It is of interest that although the regenerating axons grow rather randomly within the lesion site rostral to it they end up near the midline or ipsilateral to the side injected with B-HRP.
Electron Microscopic Documentation of the Regeneration. Ultrastructural studies of the DC injury-only animal showed that, as for the light microscope analysis, there is a concentration of large varicose axons immediately caudal to the DC lesion (Fig. 6 a and  b) . These axonal swellings contain the crystalline B-HRP͞TMB reaction product, which identifies them as sciatic nerve primary afferents. Two types of axonal swellings͞end bulbs were observed caudal to the lesion. One is packed with organelles, mostly mitochondria, but also axoplasmic cisterns, membrane-bound dense bodies, variably sized dense core and clear vesicles, multivesicular bodies, and occasional microtubules. The second contains the same organelles but clear vesicles predominate and the cytoplasm consequently has a looser and lighter appearance.
Rostral to the lesion site in animals that were reprimed ( Fig.  6 c-f ) we observed bundles of small, unmyelinated axons, laden with B-HRP crystalline reaction product. These profiles were loosely filled with variably sized vesicles, membranous organelles, and mitochondria, all of which are characteristic of growth cones and regenerating sprouts (23, 24) . Occasionally some of these profiles contained accumulations of dense bodies.
Discussion
Two main factors contribute to the failure of adult CNS neurons to regenerate: the low inherent growth capacity of adult neurons and the presence of myelin and scar-associated inhibitory molecules (25) (26) (27) (28) in the microenvironment of the lesion, through which the damaged axons must course. We and others previously showed that a peripheral conditioning lesion (priming) can enhance regeneration of injured DC fibers in vivo without altering the environment in which the injured axons grow (12, 29) . Unfortunately, because the axons eventually stop growing, it is clear that the induction of the growth state mode is transient. In the present study, we demonstrate an approach to prolonging the window of time during which growth can be induced. When we performed the sciatic nerve transection at the same time as the DC lesion, growth was enhanced, but only into the lesion site. We never observed growth beyond the scar that forms at the interface between the lesion and the CNS environment located rostral to it. Of course, growth beyond the lesion is essential if functional recovery is to be achieved. It is thus very significant that when we combined the sciatic nerve lesion with a second, repriming lesion, 1 week after the DC injury we observed regenerating axons not only in, but significantly rostral, to the lesion. Importantly, when performed alone, the postinjury procedure provided absolutely no benefit. We conclude that regeneration rostral to a lesion can be achieved provided the intrinsic growth capacity of the injured neurons is sustained by repeated priming.
That the priming manipulations indeed increase intrinsic growth capacity is evident from the in vitro analyses. We chose to analyze the 18-h time point because previous studies on mature adult neurons (22) showed that the majority of acutely isolated DRG neurons do not extend neurites during the first day in culture. However, DRG neurons that were axotomized before being placed in culture do put out neurites at this time point. Here, we showed that repeating the priming promoted this process even further. The explanted (i.e., injured) axons extended neurites that were significantly longer than their counterparts that were cultured under the same conditions (Fig. 1) , but that were primed only once by a sciatic nerve section. Because long neurites in axotomized cultures overlap and fasciculate with one another, it is certain that the longest processes in culture are, in fact, highly underrepresented. In other words, the magnitude of the enhanced growth is clearly underestimated. Translated to the in vivo condition, we suggest that this increased rate of elongation correlates with enhanced intrinsic growth capacity. The increased growth capacity allows the injured DC axons to grow not only within the lesion but also through the lesion and importantly, beyond it, back into the host tissue.
Our study documents that the profiles found rostral to the lesion are indeed regenerating. The great majority of studies that reported regeneration relied on light microscopic evidence. As only electron microscopy can distinguish a regenerating axon from an axon that might have escaped injury, we included this analysis in the present study. In animals that only underwent a DC lesion, we localized anterogradely transported B-HRP to axons and terminal endbulbs caudal to the lesion (see Fig. 7 , which is published as supporting information on the PNAS web site). In reprimed animals we clearly demonstrate that growth cones that originate from sensory neurons are present rostral to the lesion. The characteristics of the axons that we observed were similar to those previously described in electron microscopic studies of peripheral neuromas, regenerating axons in the dorsal root entry zone and dorsal horn and in the regenerating DCs (23, 24, 30, 31) . Importantly, the axons that coursed rostral to the lesion have ultrastructural characteristics of regenerating axons; they lack myelin and contain organelles typically seen in growth cones. We conclude that the B-HRP-labeled profiles found rostral to the lesion are unequivocally regenerating axons.
Timing of the initial priming is critical. The priming must induce the damaged neurons into a growth mode before the full development of the scar, which borders the lesion and ''normal'' tissue. In contrast to inhibitory molecules associated with myelin, which are present from the time the spinal injury occurs, scar tissue formation takes several weeks to fully develop (11) . This difference in time defines a window of opportunity immediately after the injury, when the potential for growth through and beyond the lesion is greatest. We suggest that the postinjury lesion of the sciatic nerve sustained growth capacity during this time period, i.e., before the scar barrier was fully established. Unfortunately, once the axons cross the lesion͞rostral tissue interface, they only grow for a finite period, presumably because intrinsic growth capacity subsides. On the other hand, because the environment of the regenerating axons rostral to the lesion no longer includes the impenetrable scar, it is likely that much longer growth beyond the lesion could be induced if growth capacity could be sustained for longer periods of time.
Our study shows that stimulating the intrinsic growth capacity of neurons at a clinically relevant time point can promote axonal regeneration beyond the lesion and through the inhibitory milieu of white matter, without altering the inhibitory environment of the lesion. Previously, Lu et al. (32) combined intraganglionic injection of cAMP, to enhance the intrinsic growth capacity of the injured neurons, with application of a bone marrow cell suspension applied at the lesion site and an injection of NT-3 near the tips of the injured axons and 1.5 mm rostral to the lesion. This combination resulted in growth beyond the lesion site of Ϸ0.5-0.7 mm, which is similar to what we observed (720 m).
However, Lu et al. did not detect growth beyond the NT-3 injection and thus they concluded that NT-3 was required to support significant growth beyond the lesion. Our results demonstrate that increasing intrinsic growth capacity alone can be as effective at promoting growth beyond the lesion, without altering the chemical milieu of the injury site, provided that it is sustained.
In summary, we have demonstrated that injured sensory neurons can be repeatedly primed, so as to sustain intrinsic growth capacity and promote regeneration of injured axons. We demonstrate that growth beyond a lesion site can be enhanced by manipulations that are performed after the CNS injury and that do not alter the environment of the growing axons (e.g., addition of growth factors). We conclude that to achieve longdistance anatomical regeneration, it is important not only to induce neurons into a growth mode but also to sustain this growth state. Although the molecular mechanisms underling priming are not fully understood, we and others have demonstrated that the cAMP signal cascade contributes to the priming process (13, 14) . Increased expression of growth-associated proteins (e.g., GAP-43 and CAP23) and inactivation of the Rho signaling pathway also promote regeneration (33) (34) (35) . Our present results establish an important proof of principle that regeneration of DC axons beyond a CNS lesion and back into host tissue can be achieved at a clinically relevant time, without changing the environment in which these axons grow. Once the molecular mechanism underlying priming is elucidated, it should be possible to pharmacologically mimic the priming effect so as to promote CNS regeneration in the clinical setting. 
